Abstract Because the disc and facets work together to constrain spinal kinematics, changes in the instant axis of rotation associated with disc degeneration or disc replacement may adversely influence risk for facet overloading and arthritis. The relationships between L5/S1 segmental kinematics and facet forces are not well defined, since previous studies have separated investigations of spinal motion and facet force. The goal of this cadaveric biomechanical study was to report and correlate a measure of intervertebral kinematics (the centrode, or the path of the instant axis of rotation) and the facet forces at the L5/S1 motion segment while under a physiologic combination of compression and anterior shear loading. Twelve fresh-frozen human cadaveric L5/S1 joints (age range 50-64 years) were tested biomechanically under semi-constrained conditions by applying compression plus shear forces in several postures: neutral, and 3°and 6°of flexion, extension and lateral bending. The experimental boundary conditions imposed compression and shear representative of in vivo conditions during upright stance. The 3-D instantaneous axis of rotation (IAR) was calculated between two consecutive postures. The facet joint force was simultaneously measured using thin-film sensors placed between both facet surfaces. Variations of IAR location and facet force during motion were analyzed. During flexion and extension, the IAR was oriented laterally. The IAR intersection with the mid-sagittal plane moved cephalad relative to S1 endplate during flexion (P=0.010), and posterior during extension (P=0.001). The facet force did not correlate with posture (P=0.844). However, changes in the facet force between postures did correlate with IAR position: higher IAR's during flexion correlated with lower facet forces and vice versa (P=0.04). During lateral bending, the IAR was oblique relative to the main plane of motion and translated parallel to S1 endplate, toward the side of the bending. Overall, the facet force was increased on the ipsilateral side of bending (P=0.002). The IAR positions demonstrate that the L5 vertebral body primarily rotates forward during flexion (IAR close to vertebral body center) and rotates/ translates backward during extension (IAR at or below the L5/S1 intervertebral disc). In lateral bending, the IAR obliquity demonstrated coupling with axial torsion due to resistance of the ipsilateral facet.
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Introduction
Degenerative disc disease is an important public health problem with multiple dimensions: personal, social, and professional. It is well recognized that facet arthritis is associated with disc degeneration, and this is typically attributed to loss of disc height and consequently increased posterior column loads. However, in addition to disc height loss, intervertebral kinematics becomes progressively erratic with increasing disc degeneration, being characterized by significant variability in the instantaneous axis of rotation (IAR) position (centrode) [9] . Since spinal movement is constrained by both the disc and facet joints, disc material property deterioration with degeneration must influence facet forces [16] . Unfortunately, the influence IAR position fluctuations on facet loads, and consequently arthritis risk, has not been investigated.
Recently, advances in surgical technique and instrumentation have generated interest in disc arthroplasty as a novel method for treating degenerative disc disease. Different intervertebral implant designs have been used for restoring disc height and painless motion [37] . As with disc degeneration, disc replacement alters the disc/ facet synergy in yet, unknown ways. Consequently, the influence of many implant design choices, such as the degree of constraint, bearing surface shape, and size, may alter facet forces and the patients risk for developing facet arthritis.
Because of its caudal location and its crucial role in spine sagittal balance, the L5/S1 joint is one of the most commonly degenerated levels and the most common site of disc replacement for degenerative disc disease [3, 15, 18] . Due to the sagittal obliquity of the sacral endplate, anterior intervertebral shear is significant at this level [2, 11, 19] . Consequently, the facet joints are critical for preventing spondylolisthesis and constraining inter-segmental motion.
Several authors have described aspects of L5/S1 kinematics in vivo [28, 29] and in vitro under different loading conditions [19, 23, 25, 30, 41, 42] . Others have reported the force transmitted through the facet joints in various intervertebral positions under pure axial compression [7, 32, 35] . These previous in vivo studies were limited by not measuring facet forces, while in vitro studies were limited by simplified loading conditions, since in addition to compression, the L5/S1 level supports significant anterior shear [3, 19, 25] . Given that the disc is viscoelastic and spinal kinematics can vary with the magnitude and nature of superimposed loading, previous studies may have missed clinically-relevant interactions between the kinematics and facet forces. The goal of the study was to simultaneously measure spinal kinematics and facet forces during motion in a human cadaveric model of the healthy L5/S1 joint under physiologic compression and shear.
Methods

Specimen selection and preparation
The lumbosacral spine was harvested from 12 human donors aged 50-64 at the time of death (8 male and 4 female). Only specimens with no radiographic evidence of bone disease or joint degeneration (osteophytes, disc space narrowing, facet hyperthrophy) were used in this study. Specimen preparation consisted in meticulous removal of muscular tissue so as to retain the integrity of the capsular and ligamentous elements. For each specimen, the superior half of the L5 vertebrae and inferior half of S1 vertebrae were potted in polymethylmetacrylate (PMMA), so that S1 end-plate was parallel to the PMMA surface and clamping faces.
Experimental device
Each specimen was placed in a servo-hydraulic apparatus (Bionix 858, MTS Systems Corp. Eden Meadow, MN, USA) such that the disc was oriented at 40°relative to the horizontal axis (Fig. 1 ). This angle was chosen to reflect the average 39°sacral slope in standing position [14, 38] . The specimens were loaded with an 850 N vertical force applied via a frictionless surface (polished steel lubricated with machine oil). This force was chosen to match estimates for L5/S1 in the standing position based on disc pressure [21] and myo-electric [33] measurements, and therefore represents both gravity and muscular loading. The 850 N vertical force generated Fig. 1 Schematic diagram of L5/ S1: 40°sacral slope and 850 N load in standing position (a). Testing device constrained L5 posture in flexion, extension, and bending for investigating L5/S1 kinematics (b). Load is uniformly distributed and applies both shear and compression. Axial torsion was unconstrained 650 N of disc compression and 550 N of horizontal shear consistent with free body analyses of L5/S1 [2, 19, 39] based on specific morphometric studies [8, 20] . The semi-constrained feature of the testing apparatus is such that the location of the resultant force at the frictionless surface varies, and thereby minimizes its distance to the IAR. Consequently, confounding moments about the IAR are minimized [6] . In addition, at the start of each experiment, the rotational actuator of the test system was used to adjust the axial rotation position of the frictionless surface so as to minimize differences in bilateral facet forces. This adjustment procedure accounted for any slight misalignment of the L5/S1 specimens within the PMMA.
Wedges were added at the frictionless interface to impose 3°and 6°flexion/extension and lateral bending postures. The 12°total range of motion in the sagittal and the frontal plane was below the normal physiological zone of the L5/S1 joint [25] . Automatic coupled torsions [23, 25] were allowed in the oblique frictionless plane. Each 3°rotation between two consecutive postures defined a 'motion sector'.
Specimen preconditioning [39] consisted in ten cycles of complete loading and unloading in neutral posture over 5 min. During testing, data were collected after 2 min of loading for each posture. Tissues were kept moist during testing by wrapping in saline-soaked gauze.
Outcome measures
Instantaneous axis of rotation
For a rigid body in three-dimensional (3-D) space, the motion from one position to another can be described by the sum of a rotation around a single axis and a translation (perpendicular to the plane of rotation) along this axis. For that general case, the axis is called the helicoidal axis [39] . For small displacements, movement occurs around an 'instantaneous axis.' For a null translation along the axis, the instantaneous helicoidal axis is called IAR. All necessary information to calculate the instantaneous helicoidal axis are contained in the transformation matrix, which is a mathematical description of the rigid-body movement from one position to another, and includes a square 3·3 rotation matrix and a 3·1 translation matrix. Consequently, the helicoidal axis is just an alternate representation of the transformation matrix.
We calculated the transformation matrix using the method of Kinzel [13] , based on 3-D coordinates of four non-coplanar landmarks placed on the moving vertebra (L5). Then the direction and the position and of the axis was determined in the 3-D space according to the method of Spoor and Velpaus [36] . Finally these data were transformed to a local coordinate frame based on the radiographic anatomy. The origin of the orthogonal right-handed frame was the center of the endplate of S1, the X-axis being sagittal, the Y-axis coronal, and the Zaxis vertical and perpendicular to the endplate (Fig. 1 ). IAR direction was described using the inclination (I; angle between the axis and the horizontal plane that is equivalent to a latitude from the S1 endplate) and the declination (D; angle between the axis and the sagittal plane that is equivalent to a longitude). IAR position was described as the position of the unique point, P (x p , y p , z p ), of the axis so that the distance OP is the shortest distance from the origin (O) to the axis (P). Therefore, OP is perpendicular to the IAR.
Using the direct linear transformation method, three Falcon strobe cameras, utilizing Eva 6.0 software (Motion Analysis Corp. Santa Rosa, CA, USA) established the 3-D coordinates of four reflective markers placed on L5, and of one reflective marker a fixed on S1 for each posture of L5. The transformation matrix and IAR between consecutive postures of L5 were computed using the average of 300 repeated measures of the position of each marker collected at each posture. The marker on S1 was also visible on specimen radiograph for matching the IAR to the specific anatomy of each specimen.
Despite the precision of the strobe cameras for determining the markers coordinates (±0.25 mm), random error was propagated and magnified by the algorithm of matrix computation. Woltring [40] assessed that the error in IAR position was inversely proportional to the amount of rotation: random error tends towards infinity when rotation tends towards zero. Other factors like the marker distance to the real IAR, and the radius of distribution of the markers, also can contribute to the error magnitude. We utilized a standard door hinge oriented in a pre-defined direction to determine the accuracy of our experimental set up in the IAR calculation. Based on a pilot study using this approach we estimated our absolute error for IAR placement during pure rotation, 3°movements as 4 mm, and IAR direction as 1°.
Facet force
Simultaneous to the IAR calculation, the compression force transmitted through the left and right facet joints was recorded using thin pressure sensors (Flexiforce A101-500, Tekscan Inc, South Boston, MA, USA). These were introduced into the right and left joint space through a vertical cut in the joint capsule. The sensors were 10 mm in diameter, 0.2 mm thick, and made of flexible mylar and contain ink whose resistance varies linearly to the applied force. Sensor output was recorded at 5 Hz and averaged using data acquisition software (Labview 6.1, National Instruments, Austin, TX, USA). We calibrated our sensor by applying pre-determined forces via contact surfaces of different areas and demonstrated that the output voltage varied linearly with the force regardless of the pressure area. The calibration ratio was 500 N/V (±5%).
For a given rotation, we hypothesized that the facet force variation (difference in facet force between adjacent postures, dF) would be proportional to the distance (d) between IAR and facet joint,
However, the force sensor introduced in the joint records only the force component perpendicular to the joint surface (dm). If a is the angle between the sensor surface and dF (Fig. 2a) , then
By combining Eqs. 1 and 2, one gets,
As the facet joint space is considered vertical (orthogonal to the superior S1 endplate), a corresponds to the angle between the endplate and the line between the facet joint and the IAR. Then
where h is the IAR height relative to the facet joint level.
Consequently, from Eqs. 3 and 4 it is apparent that the facet force is proportional to the IAR height,
To test this hypothesis, we compared changes in the facet force measurement between adjacent postures (dm) to the calculated IAR height for those adjacent postures (h).
Statistics
All statistical analyses were performed using SPSS statistical software (Version 11.5, SPSS Inc., Chicago, IL, USA). Standard analysis of variance (ANOVA) procedures were used to compare group means and to estimate the effect of the specimen variables (parent specimen, motion sector, and direction of motion, entered as categorical variables) on the measured parameters of interest (IAR position and direction, and facet force, entered as continuous variables). When appropriate (P<0.05), LSD post hoc tests were performed to identify group subsets with significant differences. Left and right facet forces were combined so that they were considered repeated measures within the same specimen in flexion/extension. In lateral bending, they were combined relative to the bending direction.
Since the facet force was measured with a single sensor that is 10 mm in diameter, we could not distinguish the specific location of the contact force within that zone. We, therefore, compared the facet force variation (dm) for those postures where the IAR was above the facet sensor zone to those postures where the IAR was below the facet sensor zone using one way ANOVA.
Results
Facet force data from three out of 24 joints were erratic (due to a broken sensor) and determined to be unreliable and therefore were removed from the calculations.
Flexion/extension
In flexion/extension, the IAR direction was similar for every motion sector. The average inclination was 1.3°( P=0.37) and the average declination was 91.4°( P=0.701). The IAR was therefore considered perpendicular to the main plane of motion, and its position was described as its intersection with the mid-sagittal plane (y i =0, Fig. 3a , Table 1 The x-coordinate of the IAR intersection with the midsagittal plane (x i ) was significantly different between motion sectors (P=0.001). Post-hoc tests showed that the IAR was more posterior for the motion sector between 3°and 6°extension than for all other sectors. The z-coordinate of the IAR intersection with the midsagittal plane (z i ) was significantly different between motion sectors (P=0.010). Post-hoc tests showed that the IAR was significantly higher between 3°and 6°flexion than for all other sectors.
The facet force did not vary consistently with posture during flexion/extension (P=0.844; Table 2 ). However, during flexion movements, the facet force variation (dm) was significantly less when the IAR was above the facet sensor zone as compared to when it was below this zone (P=0.04; Fig. 4 ). The average transmitted force through each facet for all specimens was 49.5 N.
Lateral bending
In lateral bending, the IAR declination was 1.8°and similar for every motion sector (P=0.565). The IAR inclination varied with the motion sector (P=0.011); post hoc test demonstrated that it was significantly higher after 3°in left lateral bending, and changed in right lateral bending. Because of the IAR obliquity, the IAR position was described in the general case as the position of P ( Table 3) . The x-coordinate of the IAR position (x p ) varied with the sector of motion (P=0.002). Post hoc test showed that the IAR was more posterior beyond 3°bending in both directions. The ycoordinate of IAR position (y p ) varied significantly according the sector of motion during lateral bending (P<0.001). Post-hoc tests showed that the IAR moved horizontally towards the bending beyond 3°bending in both directions. The z-coordinate (z p ) varied between sectors of motion (P=0.036). Post hoc tests showed that the IAR was higher beyond 3°lateral bending in both directions.
The facet force was related to the posture (P=0.002) in lateral bending and increased to the side of the bending. Post-hoc tests demonstrated that facet force increased significantly in the first 3°lateral bending (Table 4) . 
Discussion
The goal of this study was to investigate relationships between intervertebral kinematics and facet forces during physiologic motion and loading of L5/S1. We observed that the IAR was normally located in the posterior part of the intervertebral disc, and moved superiorly during flexion, posteriorly during extension, and ipsilaterally during lateral bending. As expected, coupled axial rotation was associated with lateral bending. While the facet force did not show a uniform variation in flexion/extension because of interspecimen variability, it was correlated with the horizontal IAR displacement in lateral bending, such that the facet force increased in the ipsilateral facet. Our observation that the IAR was perpendicular to the sagittal plane in flexion/extension and located at the posterior part of the intervertebral disc is consistent with prior reports based on planar measurements in vitro [9, 12] and in vivo [22, 31, 43] using the graphical method of Reulaux. The Reulaux method calculates the instantaneous center of rotation by drawing bisectors between landmarks on successive radiographs or photographs. This 2D method is less accurate compared to the 3D approach used in the current study [24, 27] , which may explain why our observation that the IAR moves superiorly, perpendicular to S1 endplate during flexion, and posteriorly, parallel to the endplate during extension, has not been described previously [9, 22, 43] .
The IAR path relative to S1 endplate demonstrates that from extension to flexion, L5 primarily translates anteriorly at first (i.e., the IAR is low during motion between 6°and 0°degrees of extension), and subsequently rotates forward when at the flexion limit (since the IAR approaches the geometric center of L5 during motion between 3°and 6°of flexion). This motion in flexion/extension reflects posture-varying roles of the disc and facet joints in constraining movement, and is consistent with reports that the facet contact area moves upwards into flexion [7] .
We noted significant interspecimen variability in the facet force trend with posture that is contrary to the classical notion that facet forces systematically increase into extension [1, 4, 7, 35] . This discrepancy may in part be due to different loading conditions-prior studies were conducted using either pure moments or axial compression while we utilized compression plus anterior shear. Additionally, our data are the first to demonstrate a significant vertical IAR movement relative to S1 endplate. This vertical movement may explain facet force variation during sagittal motion, since the facet joint space theoretically opens or closes depending on whether the IAR is above or below the level of the joint (Fig. 2) . That is, if the facet joint spaces are considered vertical (i.e., perpendicular to the endplate of S1), the IAR height and facet force should be linearly related during flexion/extension. Therefore, our experimental data (Fig. 4) support the hypothesis that the IAR height (Fig. 2) . Our lateral bending data revealed IAR 3-D obliquity, which is due to coupling between lateral bending and axial rotation. That is, if lateral bending were not associated with axial rotation, then the IAR direction would have been perpendicular to the plane of bending. Since bending was applied by simulating the 40°sacral obliquity ( Fig. 1) , the expected IAR inclination would have been 40°. Rather, the actual average IAR inclination was 28.2°, with the 11.8°difference due to induced coupled rotation perpendicular to the main plane of motion. By decomposing the moment relative to the main plane of motion and its perpendicular plane (the frictionless surface in the testing device), our data demonstrates that the coupling was so that right bending of L5 was coupled with right axial rotation and vice versa. This result, under semi-constrained shear and compression in the oblique lumbo-sacral joint, is consistent with the observation of others when documenting coupled rotations of L5/S1 under pure moment loading conditions in vitro [5, 26] and in vivo [29] .
Horizontal IAR displacement to the side of the bending is contrary to previous reports of using 2-D data [39] . This may be due to 3-D coupled motion as a confounding factor in previous 2-D methods. Our interpretation of the simultaneous horizontal IAR pathway and facet force increase to the side of the motion (significant Pearson correlation, P=0.015) is that the ipsilateral facet blocks L5 lateral translation in bending. The IAR inclination increases and posterior displacement beyond 3°bending confirm that the impingement of the ipsilateral facet leads to coupling between lateral bending and axial torsion.
Our results are potentially limited by our testing boundary conditions that allowed four degrees of freedom for L5 (compression, AP translation, lateral translation, and axial torsion). Two degrees of freedom were constrained (sagittal and frontal rotation). The fact that the testing device was semi-constrained may have led to asymmetry in facets impingement, because of the inevitable slight misalignment of the specimen in the apparatus. Facet asymmetry may have introduced artifacts in the kinematic or facet data, in spite of the rotational pre-adjustment of the apparatus. However, the current methodology provides a major advantage by utilizing a uniform and controlled load on the superior vertebra that results in physiologic combinations of compression plus shear. As the IAR is unknown before testing and mobile during motion, other loading conditions that use a fixed axis force would have theoretically generated variable and unknown moments around the IAR [6] , leading to uncertain boundary conditions and uncertain results.
Another limitation is the precision of the overall assessment of the IAR. As mentioned in the Methods Section, algorithm and instrumentation factors limited the IAR precision to ±/)4 mm for 3°of movement. Consequently, IAR movements less than this limit could not be detected reliably. Yet, despite this and inevitable specimen-to-specimen variability, we noted several statistically significant trends in IAR position and facet force.
Finally, this study was also limited by the circular area of the force sensor that was about half the size of the facet joint surface. This mismatch created the potential that the facet contact area moved beyond measurement area during testing. However, the relatively continuous nature of the facet force measurements between postures suggested that this was not the case. Also, a vertical cut in the facet joint capsule was necessary for inserting the sensors during preparation. This did not appear to adversely affect segmental kinematics as has been reported by others using pressure Fujifilm paper for mapping facet forces [7, 17] .
Conclusions
Despite these potential limitations, our results demonstrate consistent relationships between IAR location and facet forces. These relationships highlight the interaction between the intervertebral disc and posterior elements for both load support and kinematics constraint. We anticipate that the awareness of the specific location of the IAR during motion and its influence on facet joints will be important for understanding the initiation of facet arthritis. For example, since it has been suggested that erratic IAR locations are associated with degenerative disc disease [10, 34] , our data suggest that these non-physiologic IAR locations may, in turn, increase facet forces and subsequent arthritis risk.
The relationships between IAR location and facet force during compression and shear loading is also important to consider when designing disc arthroplasty devices. Since disc replacement certainly modifies the IAR, facet joint modification should be included as a critical design factor. Through a combination of joint distraction (during device implantation) and IAR optimization, these devices should be designed so as to reduce facet forces and thereby protect the joints from iatrogenic arthritis. Our data suggest that the ideal IAR path would be cephalad during flexion, posterior or caudal during extension, and laterally in bending to mimic the kinematics of the intact L5/S1 level.
